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CC BY-NC-ND license (http://creativeBackground: Absence seizures are a subtype of epileptic seizures clinically characterized by
transient alterations in states of consciousness and by electroencephalography indicating
diffuse spike-wave discharges (SWD). Conventional brain magnetic resonance imaging (MRI)
is not routinely used to establish the diagnosis, but rather to rule out other diseases. The pre-
sent study investigated tissue integrity in children with SWD epilepsy using diffusion tensor im-
aging (DTI).
Methods: Magnetic resonance imaging (MRI)-DTI was conducted in 18 patients with absence
seizures and 10 control participants. Brain areas were evaluated using diffusion maps, and
fractional anisotropy (FA), mean diffusivity (MD), parallel diffusivity (ljj), and perpendicular
diffusivity (lt) values were extracted and analyzed. Tractography at the regions of abnormal
diffusion indices was then reconstructed in each group, and tract symmetry was evaluated by
an index of asymmetry (AI). Statistical analyses were performed using nonparametric Mann
eWhitney U tests, with p values < 0.05 indicating statistical significance.
Results: Compared to the control group, patients with SWD epilepsy had lower FA values and
higher MD values at the genu of the corpus callosum. There was also a stronger negative cor-
relation between MD and FA values at the genu of the corpus callosum in patients than inof Medical Imaging, Taipei Medical University Hospital, Number 252, Wu Hsing Street, Taipei City 110,
.com (K.L.-C. Hsieh).
015.10.003
Pediatric Association. Published by Elsevier Taiwan LLC. This is an open access article under the
commons.org/licenses/by-nc-nd/4.0/).
Diffusion tensor MRI in Absence Epilepsy 319control participants. The AI for the fiber tracts through the genu of the corpus callosum in the
SWD group was significantly higher than that of the control group, indicating that tract distri-
bution was more asymmetric in patients with epilepsy. There were no significant differences
between groups in diffusion indices for other brain areas.
Conclusion: We observed microstructural changes in the genu of the corpus callosum, as well
as reduced FA values, increased lt values, increased MD values, and asymmetric distribution
of fiber tracts, indicating that DTI is more sensitive than conventional MRI to detect brain ab-
normalities in children with absence seizures.
Copyright ª 2015, Taiwan Pediatric Association. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).1. Introduction
Absence epilepsy (AE) is a specific type of brief, general-
ized nonconvulsive epileptic seizure disorder. The seizures
are characterized by a transitory alteration in conscious-
ness associated with electroencephalograms (EEGs) indi-
cating bilateral 3e4 Hz spike-wave discharges (SWD) of
variable duration.1 There are three different types of
absence seizures: childhood AE, juvenile AE, and epilepsy
with myoclonic absences.2,3 Although the prognosis is
usually favorable in AE, cognitive changes as well as lin-
guistic and behavioral problems may occur. In addition,
improvements in cognition are observed only after pa-
tients are seizure-free and EEG no longer shows any SW
complexes.2
Typical SWD in absence seizures is dependent on long-
range corticothalamic and corticocortical network in-
teractions.1,4,5 In addition, the largest SWD amplitude
typically occurs in the midline frontal region near the
central sulcus, and in the occipital regions.6e8 However,
results from conventional magnetic resonance imaging
(MRI) studies have not demonstrated specific pathology.9
Advanced MRI sequences may provide more specific diag-
nostic information for use in investigating microstructural
abnormalities in patients with AE.
Diffusion tensor imaging (DTI) noninvasively maps white
matter tracts in the human brain.10,11 DTI data is described
by an anisotropic diffusion displacement-probability ellip-
soid, characterized by three eigenvalues (l1, l2, and l3)
and three eigenvectors (e1, e2, and e3) in a local frame of
each image voxel after matrix diagonalization. The average
of the three eigenvalues is referred to as the mean diffu-
sivity (MD), which is a directionally averaged measure of
water diffusion that reflects tissue density. Fractional
anisotropy (FA) quantifies the degree of preferred direc-
tionality for water displacement, and is a marker for
diffusion anisotropy. These indices allow quantitative
evaluation of the magnitude and degree of anisotropy for
the random translational motion of water molecules. Both
FA and MD are sensitive to a variety of brain pathologies
affecting white matter integrity, including epilepsy.12,13
Although epilepsy is generally not considered a white
matter disease, it occurs with increased incidence in pa-
tients with multiple sclerosis,14 and can be associated with
abnormal myelination.15 Data from previous DTI studies
have demonstrated abnormal diffusion indices in prefrontal
areas of seizure patients,13 including corticalmalformation-related epilepsy and unilateral temporal lobe
epilepsy.16 In addition, Chahboune et al17 found abnormal
diffusion indices at the anterior corpus callosum in a rat
model of absence seizure, suggesting that chronic SWD in
the cortex may result in microstructural changes in white
matter pathways.17 However, generalized seizures
involving the WAG/Rij rat may or may not be equivalent to
human absence seizures.2 Therefore, the present study
investigated white matter integrity using DTI-derived FA,
MD, and tractography in children with absence seizures and
diffuse SWD, compared to control participants.
2. Methods
2.1. Patient selection
This prospective caseecontrol study was approved by the
Institutional Review Board of Far Eastern Memorial Hospi-
tal. Participant confidentiality and privacy were protected
according to national standards. Informed consent was
obtained from each participant and/or his or her parents.
Eighteen right-handed patients with absence seizures and
diffuse SWD were included in this study. Medical histories,
neurological examinations, and routine EEG recordings
were conducted for each participant, and diagnosis was
then established according to the diagnostic criteria of the
International League Against Epilepsy.18 Inclusion criteria
were as follows: (1) age of onset between 3 years and
18 years; (2) absence seizures as the main seizure type; (3)
absence seizures associated with bilateral, synchronous,
and symmetrical 3 Hz SWD with normal background; and (4)
normal neurological examination. Ten patients were diag-
nosed with childhood absence epilepsy, five patients with
juvenile AE, and three patients with drug-induced AE. The
clinical data are presented in Table 1. Ten right-handed
healthy participants [6 girls and 4 boys; mean age
10.6 years, standard deviation (SD) 3.8 years] with no his-
tory of neurological disorders and a normal neurological
examination served as controls. When imaging yielded
obviously detectable abnormalities or poor image quality,
participants were excluded from the study (n Z 4).
2.2. Image acquisition
All participants had MRIs within 6 months of diagnosis, and
all exams were performed between ictal episodes and
Table 1 Demographic data of 18 patients with absence seizure.
Patient
No.
Age (y),
genderx
Seizure
onset age
Seizure
duration (mo) *
Seizure type,
frequency
Seizure focality y Antiepileptic
medication z
Diagnosis
1 11, F 9 y 6 mo 30 AS, 10e20/d Bilateral frontal VPA CAE
2 8, F 7 y 4 mo 25 AS, 10e20/d Bilateral frontal None CAE
3 13, F 6 y 5 mo 18 AS, several/d Bilateral centro-temporal VPA CAE
4 15, F 10 y 90 AS, several/d Left frontal VPA CAE
5 6, F 6 y 65 AS, 2e3/d Left frontal None CAE
6 9, M 7 y 61 AS, 10e20/d Bilateral frontal None CAE
7 16, M 5 y 22 AS, 7e8/d Right temporal VPA CAE
8 9, F 8 y 8 mo 14 AS, several/d Bilateral frontal/temporal None CAE
9 13, M 8 y 48 GTC/AS, several/d Bilateral frontal VPA CAE
10 9, M 8 y 5 mo 18 AS, several/d Right central None CAE, FC
11 16, F 12 y 8 mo 20 GTCS/AS, several/d Bilateral frontal VPA JAE
12 15, F 12 y 1 mo 9 GTCS/AS, several/d Bilateral frontal LTG JAE
13 16, F 12 y 2 GTCS/AS, 6e7/d Right centro-temporal VPA JAE
14 12, M 11 y 6 mo 41 GTCS/AS, several/d Bilateral frontal & left
temporal
None JAE
15 17, M 13 y 33 GTCS/AS, several/d Bilateral frontal VPA JAE, FC
16 6, M 4 y 4 mo 12 GTCS/AS, several/d Bilateral frontal VPA Drug induced:
OXC
17 19, F 5 y 3 mo 116 AS, several/d Bilateral frontal VPA Drug induced:
OXC
18 17, F 15 y 9 GTCS /AS, several/d Bilateral frontal VPA Drug induced:
TPM
AS Z absence seizure; CAE Z childhood absence epilepsy; FC Z febrile convulsion; GTCS Z generalized toniceclonic seizure; JAE Z
juvenile absence epilepsy; LTG Z lamotrigine; OXC Z oxcarbazepine; TPM Z topiramate; VPA Z valproic acid.
* Length of seizure history from first seizure-onset to the date of magnetic resonance imaging (MRI) study.
y Focus of epileptiform discharges during the interictal electroencephalogram (EEG) or follow-up EEG.
z Antiepileptic medication use while magnetic resonance imaging (MRI) was acquired.
x All patients are right-handed.
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quences were obtained on a 1.5T MR scanner (Magnatom
Avanto; Siemens Healthcare, Erlangen, Germany),
including DTI, using parallel acquisition techniques (PAT 2
GRAPPA), single shot spin-echo diffusion echo planar im-
aging: repetition time (TR)Z 8800 milliseconds, echo time
(TE) Z 98 milliseconds, two averages, field of
view Z 280 mm, 55 axial slices with no gap, acquisition
isotropic voxel resolution of 2.2  2.2  2.2 mm3. The total
scan time was 4 minutes. The diffusion tensor was acquired
with diffusion gradients along six noncollinear directions
(b Z 1000 s/mm2) and one direction without diffusion
weighting (bZ 0 s/mm2). The six independent elements of
the diffusion tensor were calculated from each series of
diffusion-weighted images. The resulting tensor element
maps were used to derive the eigenvalues (l1, l2, and l3)
and the corresponding eigenvectors (e1, e2, and e3) of the
diffusion tensor by matrix diagonalization.19,20 Maps of FA,
principal eigenvalues (l1, l2, and l3) and MD (the mean of
the 3 principal eigenvalues) were then calculated for each
slice using custom software developed in our lab. The
parallel diffusivity (ljj) value was derived from the largest
eigenvalues (ljjZ l1), while perpendicular diffusivity (lt)
was derived from the mean of two smaller eigenvalues (e¨t
Z (l2 þ l3)/2) on a pixel-by-pixel basis. Three dimensional
T1-weighted image (TR Z 2000 milliseconds,TE Z 2.96 milliseconds), and T2 fluid-attenuated inversion
recovery (FLAIR) image (TR Z 9000 milliseconds,
TE Z 85 milliseconds) were also acquired.2.3. Image analyses and post-processing
Two observers (S.P.L. and K.H.) blinded to patient identity
reviewed the entire image sets to look for gross anomalies,
including abnormal T1 or T2 signals and pathological
structures such as tumor or congenital malformations.
Participants whose images had obviously detectable ab-
normalities or poor image quality were excluded from the
study. Regions-of-interest (ROIs) were drawn manually
within visible hyperintensities on the nondiffusion weighted
(i.e., bZ 0 s/mm2) images and transferred to the diffusion
parametric maps for each participant, by the same ob-
servers. The anterior frontal white matter, posterior frontal
white matter, temporal white matter, genu of the corpus
callosum, anterior limb of the internal capsule, and pos-
terior limbs of the internal capsule were identified on axial
sections at the level of the lateral ventricles. The body of
the corpus callosum was identified at the mid-sagittal plane
between the two lateral ventricles, which can be easily
recognized by its strong FA signal. The ROI size in each
Figure 1 Diffusion parameter in the genu of the corpus cal-
losum, comparing spike-wave epilepsy and control groups. Four
diffusion parameter values are shown for each of the two
groups. Mean diffusivity (MD) and radial diffusivity (lt) are
higher, and fractional anisotropy (FA) values lower, in the
spike-wave discharge (SWD) group than in the control group (*).
ljjZ axial diffusivity; ltZ radial diffusivity; FAZ fractional
anisotropy; MD Z mean diffusivity.
Figure 2 Correlation between fractional anisotropy (FA) and
mean diffusivity (MD) values in patients with spike-wave epi-
lepsy and control participants. Strong negative correlations
occurred between FA and MD, particularly in the spike-wave
discharge (SWD) group (:). FA Z fractional anisotropy;
MD Z mean diffusivity.
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MD, ljj, and lt were measured within the selected ROIs.
2.4. Fiber tractography
The tensor deflection tractography method was applied to
capture propagative vectors with adaptive stepping size,
because it can track fiber bundles in curved and crossing
fibers, beyond diffusion tensor limitations.21 Propagation in
each fiber tract was terminated if a voxel with an FA
value < 0.15 was reached, or if the inner product of two
consecutive vectors was > 0.7. Tracking results that
penetrated the manually segmented ROIs at the genu of the
corpus callosum were assigned to specific tracts. ROI ma-
nipulations were performed by one blinded neuroradiolo-
gist (K.H.) with 6 years of experience performing
tractography and 7 years of experience as a neuroradiolo-
gist. All software used for reconstruction of the tractog-
raphy fibers was developed using MATLAB (version 7.0.4,
2005, The MathWorks, Natick, MA, USA).
2.5. Evaluation of tractography
In addition to counting the total number of tracts obtained
from the reconstruction, the index of asymmetry (AI) be-
tween the right (R) and left (L) side tracts was calculated
for each participant. Values were obtained by calculating
the absolute difference in number of fibers between the
two sides, divided by the mean of the two sides, as modi-
fied from a previously described method:22
AIZL R=½ðLþ RÞ=2: ð1Þ
AIs were calculated for both the SWD and control groups.
2.6. Statistical analyses
All data were analyzed using nonparametric ManneWhitney
U tests. Gender and age differences between groups were
assessed with Fisher’s exact test and the Student t test,
respectively. For age, mean range and/or SD are presented.
Mean and SD are presented for diffusion values. All analyses
were performed using Prism (release 6.0, GraphPad Soft-
ware Inc., La Jolla, CA, USA). A p value  0.05 was
considered statistically significant.
3. Results
3.1. FA and MD
FA, MD, ljj, and lt were measured in seven anatomical
regions. Significantly lower FA values were recorded at the
genu of the corpus callosum (Figure 1) in the epilepsy group
compared to the control group (0.61  0.12 vs. 0.65  0.01;
p Z 0.03). Significantly higher MD values (0.78  0.04 vs.
0.71  0.01; p Z 0.03) and lt values (0.50  0.04 vs.
0.42  0.03; p Z 0.01) were also observed in the genu of
the corpus callosum.
In the other anatomical regions, including the anterior
and posterior frontal white matter, anterior and posterior
limbs of the internal capsules, temporal white matter, andbody of corpus callosum, no significant differences were
observed (Figure 2).
In addition, we found a significant negative correlation
between MD and FA at the genu of the corpus callosum in
the epilepsy group (r Z 0.83, p < 0.001), but not in the
control group (r Z 0.14, p Z 0.68, Figure 3).
Figure 4 Total number of tracts through the genu of the
corpus callosum. No significant difference is observed
(p Z 0.19).
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callosum
We used tractography to determine the anatomical course
of the white matter pathways passing through the genu of
corpus callosum (Figure 4), which showed that these fibers
interconnect the bilateral frontal cortices, as predicted.
Comparisons of the shape symmetry of bilateral tracts
through the genu ROI revealed that nearly all tracts had
asymmetric geographic distribution in both groups. The
results for absolute tract numbers revealed that nine pa-
tients with SWD epilepsy were dominant on the right side
and 11 patients were dominant on the left side. In the
control group, four participants were dominant on the right
side and six participants were dominant on the left side.
Although there was no significant difference in the total
tract number between the two groups (Figure 4, pZ 0.19),
the mean AI in the SWD group was significantly higher
compared to the control group (0.42  0.09 vs. 0.19  0.05,
p Z 0.02, Figure 5C). These results demonstrate that the
tract distribution through the genu was more asymmetric in
the SWD group compared to the control group (Figures 5A
and 5B).Figure 3 Diffusion index values in anatomical brain regions. There is no significant difference between the patient and control
groups for: (A) mean diffusivity (MD); (B) fractional anisotropy (FA); (C) axial diffusivity (ljj); or (D) radial diffusivity (lt).
ALIC Z anterior limb of the internal capsule; Ant. FWM Z anterior frontal white matter; Body of CC Z body of corpus callosum;
MD Z mean diffusivity; PLIC Z posterior limb of the internal capsule; Post. FWM Z posterior frontal white matter;
TWM Z temporal lobe white matter.
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seizure history (seizure duration) and FA, MD, lt, and AI
values for the corpus callosum, in order to assess whether
white matter declines are related to disease duration.
However, no significant correlation occurred for any of the
diffusion tensor parameters.Figure 5 Comparison of asymmetry indices (AI) for the genu
of the corpus callosum in (5A) control and (5B) spike-wave
discharge (SWD) groups. Regions-of-interest (ROIs) for tracts
through the genu of the patients with SWD are more asym-
metric in distribution compared to the control participants.
(5C) Significantly higher AIs are observed in the SWD group,
indicating more asymmetric distribution of the tracts
(p Z 0.02).4. Discussion
In pediatric patients with absence seizures, we found
significantly lower FA and higher MD values at the genu of
the corpus callosum, and also identified a significant
negative correlation between MD and FA values in the genu
of the corpus callosum. The reduced FA values were related
to increased perpendicular diffusivity, without significant
changes in parallel diffusivity. The area of the anterior
corpus callosum exhibiting these changes interconnects the
bilateral frontal cortices, where animal studies have shown
epileptogenic discharges.23,24 Our results in humans are
consistent with a study by Chahboune et al17 in a rat spike-
wave epilepsy model. Furthermore, our patient group
showed more asymmetric tract distribution at the genu of
the corpus callosum compared to the control group.
Decreased FA values may result from decreased diffu-
sivity parallel to axonal fibers, or from increased perpen-
dicular diffusivity.25 Electron microcopy in areas with
decreased FA values and increased lt values has demon-
strated a reduction in axons or myelin.26,27 Accordingly, we
also found decreased FA and increased lt in our patient
group, suggesting a reduction in axons or myelin in the
affected white matter. Similar results were previously
observed in the fornix of patients with temporal lobe epi-
lepsy.26 Decreased FA values and increased MD values were
observed in a mouse model of optic nerve injury, without
significant axonal cytoskeletal damage,28 and it has been
hypothesized that axonal injury without demyelination may
result in decreased axial diffusivity.29 Together, our findings
show that abnormal epileptic activity in the cortex during
absence seizures is related to microstructural changes in
white matter pathways that connect regions of seizure
discharges, and may result from axonal loss with or without
demyelination.
Despite the detection of a similar number of total tracts
in tractographies for both groups, a comparison of AIs
indicated that genu tracts were more asymmetrically
distributed in the SWD group. Although the diffusion char-
acteristics of healthy brains may be minimally asymmetric
in some tracts,30 asymmetry may also result from damage
to regional connections.31 Our findings demonstrating
abnormal diffusion parameters in conjunction with
increased AI suggest that there was damage in the regional
(e.g., genu) connections in patients with SWD. The damage
at the genu did not affect the total number of tracts, but
resulted in a change to the distribution of tracts. This
finding explains the similarity in the size of the corpus
callosum in patients with epilepsy versus control partici-
pants reported in a previous study.32 Furthermore, Lu¨ders
et al33 measured interhemispheric SWD latency differences
of up to 20 milliseconds, and our results demonstrating
tract asymmetry in patients with absence seizures may
explain this phenomenon. Together, the findings suggest
that DTI may be useful for monitoring tissue repair and/or
damage, as well as for therapy, although more extensive
long-term follow-up studies are needed to evaluate these
potential applications.
Our data indicate that DTI abnormalities in the corpus
callosum are associated with absence seizures. The genu of
the corpus callosum is the anterior bend of the corpus
324 J.-S. Liang et alcallosum, which contains axons connecting the frontal
lobes, including the prefrontal and premotor areas.34 This is
therefore an area of critical connections for interhemi-
spheric propagation of epileptic activity, and which has
previously been shown to play a role in SWD synchrony.35,36
A large degree of transhemispheric coherence was
demonstrated between the right and left somatosensory
cortices during SWD in a genetic rat absence seizure
model,37 suggesting the involvement of the corpus callosum
in the pathophysiology of this disease, and also supporting
the hypothesis that SWD originate from the lateral fronto-
parietal cortical area.
Although both control and patient groups in this study
have similar baseline characteristics, including age distri-
bution, we should still keep in mind that age may confound
FA and MD measurements.38 The majority of our partici-
pants reported symptom onset in childhood; however, the
corpus callosum reaches its maximal myelination in late
adolescence/early adulthood,39 which may result in some
selection bias in our measurements.
Limitations of the present study include its relatively
small sample size, which limits extrapolation of our results
to the general population. In addition, although there is no
correlation of the history of seizure length with these
microstructural damages, it is still difficult to confirm
whether decreased white matter integrity is a predisposing
factor to seizures, or whether chronic epilepsy damages
white matter.
In conclusion, we found DTI abnormalities in the anterior
corpus callosum of children with SWD epilepsy in the white
matter pathway interconnecting bilateral frontal cortical
regions. The abnormalities suggest that microstructural
pathological changes occur in the white matter and are
associated with this disorder. Furthermore, these micro-
structural changes may contribute to neurological abnor-
malities in AE. Thus, DTI-derived measures may be
promising MRI markers for monitoring the progression and
effects of treatment in patients with absence seizures.
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